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S p e c i a l  i S S u e  O N  c O a S ta l  l O N g  t e r m  e c O l O g i c a l  r e S e a r c h

Salt marsh primary production and its 
responses to relative Sea level and Nutrients 

B y  J a m e S  t .  m O r r i S , 

K a r e N  S u N d B e r g ,  a N d 

c h a r l e S  S .  h O p K i N S O N

aBStr ac t. Feedbacks between flooding and plant growth that help to stabilize 
marshes against rising sea level are being investigated in estuaries at Plum Island, 
Massachusetts, and North Inlet, South Carolina. Net annual primary production 
of the marsh grass Spartina alterniflora has been quite variable through the years, 
and correlates positively with sea level during the growing season at both sites. The 
elevation of the marsh surface relative to mean high water determines the duration of 
flooding, or hydroperiod, that in turn affects plant growth. The effect of flooding was 
tested experimentally using an in situ bioassay to simulate growth at different relative 
elevations. At North Inlet, we found a parabolic response to relative elevation, with 
clear evidence of minimum and maximum vertical limits and an optimal elevation 
for growth. The Plum Island bioassay provided evidence of the super-optimal side of 
the growth curve. In both marshes, the responses of S. alterniflora to rising sea level, 
at their current elevations, are consistent with the bioassay results. This growth curve 
is important because it defines suboptimal elevations that are unstable for marshes 
and super-optimal elevations that are stable. Instability results when an increase in 
sea level decreases primary production, leading to declines in mineral sedimentation 
and sediment organic matter accretion. Conversely, stability results when rising 
sea level stimulates primary production, leading to increased sedimentation and 
organic matter accretion. There also has been interannual variability in the maximum 
standing biomass (a proxy for productivity) of another marsh grass, Spartina 
patens, but no significant correlation has been found with sea level, possibly due 
to methodological limitations. Finally, both Spartina species responded positively 
to nitrogen and have remained highly productive for 13 years of fertilization at 
Plum Island and 30 years at North Inlet. 

in estuaries at plum island, massachusetts, 
and North inlet, South carolina, uSa

 
iNtrOduc tiON
Salt marshes are at risk of being over-
whelmed by rising sea level. If they 
decline, we risk losing a wealth of eco-
system services they provide, including 
soil and sediment maintenance (shoreline 
stabilization), nutrient and water-quality 
regulation, food provisioning, nursery 
habitat for commercially important 
species, recreational opportunities, 
and hazard moderation (Barbier et al., 
2011; Shepard et al., 2011). Centuries 
ago, New England’s colonists used salt 
marshes as an important source of food 
for livestock (Sebold, 1998). Indeed, pat-
terns of settlement proceeded up and 
down the coast from town and port cen-
ters, such as Boston, in proportion to the 
distribution of salt marshes. They were 
so important that land grants to settlers 
typically included salt marsh areas. 

Salt marshes developed during times 
of low sea level rise (Redfield, 1972). Sea 
level rise is currently accelerating (Kemp 
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processes are being studied at Plum 
Island, Massachusetts, in the cold-water 
Acadian biogeographic province and 
at North Inlet, South Carolina, in the 
warm-water Carolinian province. 

In addition to climate, major differ-
ences between the two sites include tides, 
soil, and vegetation. Tide range aver-
ages 2.67 m at Plum Island and 1.43 m 
at North Inlet. Plum Island marshes are 
built on a low-grade peat, while North 
Inlet marshes rest on mineral sedi-
ment. Both marshes are dominated by 
a species of cordgrass: Spartina patens 
(saltmeadow cordgrass) at Plum Island 
(Figure 1A) and Spartina alterniflora 
(salt marsh smooth cordgrass) at North 
Inlet (Figure 1B). At Plum Island, 
S. alterniflora is confined largely to lower 
relative elevations (mean 0.9 ± 0.3 m 
above MSL ± 1 SD), principally as a 
monoculture around the margins of the 
tidal creeks, while S. patens is found at 
higher elevations. The dominance of 

S. patens at Plum Island can be inferred 
from the frequency distribution of marsh 
elevations (Figure 2). The modal eleva-
tion here (1.3 to 1.4 m) is within the 
domain of S. patens, 1.3 ± 0.1 m above 
MSL. At North Inlet, S. patens is rare 
and is typically restricted to the swales 
between sand dunes. 

Studies begun in 1984 at North Inlet 
document that interannual anoma-
lies in MSL on the order of 5 to 10 cm 
positively affect the productivity of 
S. alterniflora (Morris and Haskin, 1990; 
Morris, 2000). The effect on plant growth 
is thought to be due to variations in the 
duration (hydroperiod) and frequency 
of tidal flooding, which are determined 
largely by the marsh elevation relative to 
MHW. Primary production in the upper 
quadrant of the tidal frame (roughly the 
highest 25% of the intertidal zone) is 
greater in years of high sea level. This is 
key to the survival of marshes, because 
they trap more sediment and generate 

Figure 1. (a) Spartina patens shown here in plum island estuary, ma, 
forms a dense carpet of stems. arrows point to a few isolated Spartina 
alterniflora stems. (B) S. alterniflora in North inlet estuary, Sc, forms a  
less dense monoculture. Photos by J.T. Morris

et al., 2009) and is expected to reach lev-
els (Rahmstorf et al., 2012) that threaten 
to submerge coastal wetlands by the 
end of the century (Kirwan et al., 2010). 
Wetland losses could also accelerate as 
a consequence of erosion (Fagherazzi 
et al., 2013, in this issue) and coastal 
eutrophication (Deegan et al., 2012). 
Ultimately, the sustainability of these 
ecosystems is dependent on their ability 
to maintain elevation relative to sea level 
within a suitable vertical tidal range that 
lies approximately between mean high 
water (MHW) and mean sea level (MSL) 
(McKee and Patrick, 1988). Scientists 
at the Plum Island Ecosystem Long 
Term Ecological Research (LTER) site in 
northeastern Massachusetts have been 
conducting research to better under-
stand processes that control the produc-
tivity and the capacity of tidal marshes 
to maintain elevation and, hence, survive 
despite accelerating rates of sea level rise 
associated with climate change. These 
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a greater biovolume (Blum and Davey, 
2013, in this issue) when greater flood-
ing enhances vegetation growth (Morris 
et al., 2002). We hypothesize that the 
importance of S. alterniflora at Plum 
Island, and probably in New England 
salt marshes in general, will increase at 
the expense of S. patens as sea level rise 
accelerates and marshes fall behind.

BiOmaSS aNd prOduc tiVit y 
At Plum Island, as we have seen at 
North Inlet (Morris and Haskin, 1990; 
Morris, 2000), net annual primary pro-
duction of S. alterniflora has been quite 
variable through the years. In control 
plots at Plum Island where there is a 
continuous record since 1999, produc-
tion has been as low as 343 and as high 
as 1,324 g m–2 yr–1 (Figure 3B). There 
also is a significant correlation between 
aboveground net primary production 
and MHW at Plum Island (r2 = 0.43, 

p = 0.01; Figure 4). The similarity with 
North Inlet interior marsh sites where 
production has varied from 376 to 
1,479 g m–2 yr–1 is remarkable con-
sidering the differences in the lengths 
of the two marshes’ growing seasons. 
Plum Island marshes support this range 
of productivity even though they are 
restricted by a short growing season that 
lasts only from May through August. 
Within three months, starting from 
a barren landscape in May, stands of 
S. alterniflora emerge and amass an aver-
age live biomass of 543 g m–2 (Figure 5). 
In contrast, the growing season at North 
Inlet is essentially year-round. However, 
differences emerge when examining 
different habitats within the salt marsh; 
at North Inlet, average S. alterniflora 
production in low-lying areas along 
creek banks (1,499 ± 642 g m–2 yr–1) is 
nearly twice that of higher, interior sites 
(839 ± 347 g m–2 yr–1, ± 1 SD).

It is important to point out that the 
same method has been used to estimate 
S. alterniflora biomass and productiv-
ity at both Plum Island and North Inlet. 
The method requires making monthly 
measurements of the heights of indi-
vidual stems on permanent plots. In 
this way, individual stems are tracked 
chronologically. Transfer functions are 
then applied to derive time series of 
biomass of individual stems and their 
growth rates, which are summed to esti-
mate net aboveground primary produc-
tion (Morris and Haskin, 1990; Morris, 
2007). Application of this method of 
accounting for growth was impractical 
for S. patens because of its high stem 
density and mat-forming growth habit 
(Figure 1A). Instead, measurements of 
maximum standing biomass derived 
from repeated destructive harvests of 
small plots of S. patens are used as a 
proxy for productivity.

Figure 2 (above). Frequency distributions of elevations in vegetated 
plum island salt marshes, n = 1,161 gpS points, from surveys made in 
2001 and 2002.

Figure 3 (right). plum island (a) annual maximum aboveground bio-
mass (mean live plus standing dead ±1 Se) of Spartina patens in control 
plots and plots fertilized with nitrogen and phosphorus, and (B) mean 
(±1 Se) annual aboveground net primary production of S. alterniflora. 
Note that production of fertilized plots in B was not measured from 
2004 through 2011.
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As we have seen with S. alterniflora, 
there has been variability in the maxi-
mum standing biomass of S. patens at 
Plum Island (Figure 3A), but no sig-
nificant correlation has been found 
with sea level. This may be due to the 
low signal-to-noise ratio of the harvest 
method. In contrast to the census of 
fixed populations of S. alterniflora, the 
harvest method (Smalley, 1958; Wiegert 
and Evans, 1964) is subject to random 
errors of spatial variation in biomass 
density (Singh et al., 1984). Measuring 
primary production by harvesting plots 
of plants is akin to estimating growth 
rates of individuals in a population by 
repeatedly weighing a different random 
sample of individuals drawn from that 
population and summing the repeated 
differences in their mean weights. The 
sampling error of the S. patens bio-
mass in the control treatment averaged 
15% (standard error), and the lack of 
a significant correlation with sea level 
therefore is not surprising.

The high standing biomass at Plum 
Island of S. patens, averaging 1,257 g m–2, 

relative to 547 g m–2 for S. alterniflora, 
is not unusual, although the casual 
observer could conclude otherwise. 
S. patens is a wispy marsh phanerogam 
(a plant that produces seed), with stem 
densities that approach 4,000 m–2. Its 
stems often lie prostrate, forming a 
dense, green carpet (Figure 1A) that, 
owing to the horizontal orientation of the 
leaves, maximizes the interception and 
harvesting of solar energy. Studies con-
ducted in Louisiana marshes where plant 
growth occurs year-round have shown 
that aboveground primary productivity 
of S. patens is 1.6 to 3 times higher than 
that of the more robust S. alterniflora 
(Hopkinson et al., 1978, 1980). 

NutrieNt eFFec tS
As mentioned earlier, losses of salt marsh 
habitat could accelerate as a conse-
quence of eutrophication (Deegan et al., 
2012). Conflicting results from other 
studies in which nutrients have been 
added experimentally (e.g., Anisfeld 
and Hill, 2011) motivated an analysis 
of the effects of nutrients on biomass 

and primary production. Experimental 
plots started at Plum Island in 1999 have 
been treated with nitrogen and phos-
phorus fertilizer, added approximately 
monthly from April through September, 
initially at rates of 15 mol N m–2 yr–1 
and 7.5 mol P m–2 yr–1, and since 
2002 at rates of 7.5 mol N m–2 yr–1 and 
3.75 mol P m–2 yr–1. 

Both Spartina species responded 
positively to fertilization after one year 
(Figure 3). In plots of S. alterniflora 
treated with both nitrogen and phos-
phorus, biomass increased nearly 50% 
(Figure 5). The biomass on fertilized 
plots of S. patens increased 62% when 

Figure 4. Net aboveground primary production (mean ±1 Se) of 
S. alterniflora at plum island as a function of mean high water 
level (mhW). plum island data are annual values, averaged over 
all control plots, all of which are at approximately the same 
relative elevation (112 cm NaVd88). 

Figure 5. monthly mean (±1 Se) aboveground biomass of 
S. alterniflora at plum island.
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treated with nitrogen and phosphorus 
(Figure 3A), and 45% and 31% when 
treated solely with nitrogen or phos-
phorus, respectively. Production of 
S. alterniflora at Plum Island was stimu-
lated by the same amount in plots treated 
only with nitrogen and with both nitro-
gen and phosphorus, but plots treated 
only with phosphorus did not respond. 
The enhanced production in the fertilized 
plots shows no indication of increasing 
further or declining, even after 13 years 
of fertilization. This is an important clue, 
but in the absence of clear evidence about 
effects on sediment organic matter and 
soil strength, it does not resolve the ques-
tion about the effect of coastal eutrophi-
cation on marsh sustainability. 

Plant growth at North Inlet is also 
limited by nitrogen with evidence of co-
limitation by phosphorus (Sundareshwar 
et al., 2003). In the interior marsh, 
S. alterniflora aboveground produc-
tion averaged 3,630 ± 2,188 g m–2 yr–1 
in plots treated with both nitrogen and 
phosphorus and was 4.3 times greater 
than in controls. In contrast, fertilization 
increased production of S. alterniflora at 
Plum Island only by 1.7 times. Growth 
is exponential, and such high produc-
tion in fertilized sites at North Inlet 
may be a consequence of its year-round 
growing season. 

meaN high Water leVel
The overall rate of increase in MHW in 
the Northeast since 1984, 0.4 cm yr–1 
(Figure 6), is significantly higher than 
the trend during the last century. The 
current rate may be inflated by sam-
pling a low-frequency cycle, such as the 
18.6 year lunar nodal cycle (Baart et al., 
2012), although trend analysis of sta-
tion data exceeding 75 years confirms 
an acceleration in sea level rise (Boon, 

2012). The magnitudes of current and 
past trends are greatly exceeded by 
interannual variability (Figure 6). MHW 
averaged over the growing season (May 
through August from 1984 through 
2012) has been as low as 126 cm and as 
high as 143 cm. The maximum annual 
change in MHW over this period was 
+6 cm, and there have been sequences 
of high and low years such as the 14 cm 
increase that occurred between 2007 
and 2011. The responses of the marsh to 
these events should be more visible than 
its responses to long-term trends. 

the reSpONSe OF grOW th 
tO rel atiVe eleVatiON
The duration of flooding (i.e., marsh 
hydroperiod) is a critically important 
variable for coastal wetland plants. It 
is determined by the relative eleva-
tion of the marsh within the intertidal 
zone. For marsh elevations between 
MHW and MSL, depth below MHW 
is a good proxy for hydroperiod and 
accounts for changes in both mean sea 
level and tidal amplitude. The sensitiv-
ity of vegetation to changes in sea level 
varies as a function of elevation within 
the intertidal zone, and should be great-
est near the upper and lower vertical 
limits of growth. In the middle of the 

range, growth should be greatest and 
least sensitive to sea level change. At 
elevations less than optimal, growth of 
vegetation should respond negatively, 
while at elevations greater than optimal, 
growth should respond positively to 
an increase in flooding and sea level. 
Plum Island marshes are closer to the 
local MHW level, a super-optimal 
elevation for growth, than are most 
North Inlet marshes. 

The effect of hydroperiod was tested 
using planters consisting of PVC pipe, 
termed “marsh organs,” placed in the 
marsh at Plum Island (Figure 7) and 
North Inlet to simulate growth of vegeta-
tion at different relative elevations. Pipes 
were filled with sediment taken from 
the adjacent mudflat and planted in the 
spring with S. alterniflora plugs taken 
from the marsh. All of the pipes had 
open bottoms resting on tidal mudflat, 
and their lengths differed by approxi-
mately 15 cm between rows (six pipes 
per row). The gradient in plant growth at 
different elevations is clear. The weights 
of harvested plants varied with relative 
elevation in both estuaries (Figure 8). 
Growth responses in these bioassays are 
consistent with those of in situ net pri-
mary production to anomalies in MHW 
(e.g., Figure 4), and they conclusively 

Figure 6. mean high water 
by year for plum island 
marshes, averaged over 
months of the growing sea-
son (may through august) 
as measured at the National 
Oceanic and atmospheric 
administration’s portland, 
me, gage 841850. 
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demonstrate the feedback between 
growth and relative elevation. This 
important feedback helps to explain how 
marshes track rising sea level. 

The North Inlet growth response 
shows upper and lower limits and a mid-
range optimum (Figure 8). A parabola 
fits these data nicely. It is a good example 
of Shelford’s Law of Tolerance (Shelford, 
1931), which states that the success of an 
organism is determined by a complex set 
of conditions, and that each individual 
or population has minimum, maximum, 
and optimum factors that determine its 
success. With respect to S. alterniflora, 
at the high end, osmotic stress from 
hypersalinity or drought most likely 
limits growth, while the lower limit is 
probably a function of hypoxia. The 
direction of the response will depend 
on the relative elevation, which can be 
either super optimal or suboptimal. At 
suboptimal elevations, the response of 
growth to a rise in sea level should be 
negative and destabilizing, except in 
situations of marsh progradation where 

high sedimentation rates build marshes. 
The suboptimal side of the curve is 
destabilizing because an increase in sea 
level will decrease primary production, 
leading to a decline in sediment organic 
matter accumulation and accretion 
of mineral sediment.

Hydroperiod is only a proxy for other 
variables that affect salt marsh primary 
production such as soil salinity, nitrogen 
availability, and hypoxia (Mendelssohn 
and Morris, 2000). Moreover, neither 
hydroperiod nor its companion rela-
tive elevation is the only determinant 
of soil salinity or hypoxia. They are also 
determined by soil permeability, bio-
turbation, drainage, precipitation, and 
evapotranspiration, in addition to flood 
duration and frequency. Plants grow-
ing on a creek bank riddled with crab 
burrows are unlikely to have precisely 
the same response to a change in sea 
level that plants growing high on an 
expansive, poorly drained, flat marsh 
platform would. Likewise, the response 
of a single species or of different species 

in a brackish marsh should differ from 
the response in a hypersaline marsh. 
Consequently, the response of vegeta-
tion to sea level across a mosaic of marsh 
landscapes could vary. The single growth 
response curve proposed by Morris 
et al. (2002) and shown for North Inlet 
in Figure 8 is really a slice through 
an n-dimensional hyperspace (sensu 
Hutchinson, 1957). It is one of a family 
of curves, each representing a different 
combination of variables, such as salinity 
and sediment permeability. 

cONcluSiONS
• Research conducted in South Carolina 

and Massachusetts salt marshes is 
being done to develop a predic-
tive understanding of the response 
of the dominant marsh vegetation, 
S. alterniflora and S. patens, respec-
tively, to sea level rise and nutrients.

• Field observations of plant growth 
and relative mean sea level along with 
bioassays in which marsh elevation 
was varied experimentally show that 

Figure 8. end-of-season (2008) total aboveground standing biomass 
(mean ±1 Se) of S. alterniflora from marsh organs at plum island (red circles) 
(see Figure 7) and North inlet (blue circles) as a function of relative eleva-
tion. plum island data were collected in 2008, North inlet data are means of 
collections made during 2005–2010. The mean high water (mhW) levels at 
North inlet (Ni) and plum island (pi) are indicated.

Figure 7. profile view of a “marsh organ” planted with S. alterniflora at 
the edge of a plum island salt marsh. Photo by J.T. Morris, 2008
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productivity of S. alterniflora in the 
upper quadrant of the tidal frame 
responds positively to an increase in 
mean high water level. 

• Observations also show that the addi-
tion of nitrogen enhances productiv-
ity of S. alterniflora and S. patens, 
and that high productivity has been 
maintained for 13 years of fertiliza-
tion at Plum Island and 30 years at 
North Inlet.

• We posit that the productivity of 
S. alterniflora at Plum Island will 
increase initially as sea level rises, 
but ultimately will decline once a 
threshold flooding depth or duration 
is exceeded. We expect that the high 
elevation S. patens marshes typical of 
many New England marshes are espe-
cially vulnerable to accelerating sea 
level rise and that their areal expanse 
will decrease in favor of S. alterniflora.
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